Remediation of contaminated groundwater is an expensive and lengthy process. (ii) used Fe 0 amounts must represent 30 to 60 vol-% of the mixture, and (iii) Fe 0 beds are deep-bed filtration systems. The major output of this study is that thicker barriers are needed for long service life. Fe 0 filters for save drinking water production should use several filters in series to achieve the treatment goal. In all cases proper material selection is an essential issue.
production [1] [2] [3] [4] . Fe 0 -based materials are used in particular (i) as reducing agents in permeable reactive walls [5] [6] [7] [8] , and (ii) as reagents to assist biofiltration in household filters [3, 9, 10] . The fundamental process responsible for contaminant removal in both contexts is necessarily the oxidative dissolution of Fe 0 (iron corrosion) which may be coupled with contaminant reduction (reactive walls) or the subsequent precipitation of iron hydroxides which may be coupled with contaminant adsorption and co-precipitation (household filters).
Adsorption, co-precipitation and chemical transformations (oxidation and/or reduction) are not mutually exclusive [11] [12] [13] . It is obvious that in household filters and reactive walls, a synergy between these three processes is responsible for expected and observed decontamination. Moreover, these processes proceed in the inter-granular porosity of the packed beds which are made up of Fe 0 (100 %) or a mixture of Fe 0 and an inert material (e.g.
gravel, pumice, sand) [2, 14] . Because of the volumetric expansive nature of the process of iron corrosion [15] , the porosity of the filtrating systems certainly decreases with increasing service life, possibly yielding complete permeability loss system (filter clogging) [16, 17] . The filling of the pore volume by corrosion products is necessarily coupled with improved size exclusion capacity. Therefore, a fourth mechanism for decontamination in packed Fe 0 beds is identified.
The very recent concept that adsorption, co-precipitation and size exclusion are the fundamental mechanisms of aqueous decontamination in Fe 0 packed beds [13] is yet to be discussed in the scientific literature. The two main objectives of this communication are (i) to
give some arguments supporting the new concept, and (ii) to enumerate some consequences for the further development of the iron filtration technology. In this effort a particular attention is paid to filter dimensioning or bed sizing. For the sake of clarity, the presentation The concept that contaminants are fundamentally removed by adsorption and co-precipitation is consistent with many experimental observations which remained non-elucidated by the reductive transformation concept [11, 12] . Although researchers are continuing to maintain the validity of the latter concept [24] [25] [26] , the new concept was validated [27, 28] and has been independently verified [29, 30] . As a matter of course the concept of adsorption/co- 
Metallic iron for household filters
While using slow sand filtration for water treatment in rural Bangladesh, it was observed that the filter efficiency for arsenic removal depends on the iron content of natural waters. Arsenic was readily removed from Fe-rich natural waters. Accordingly, Fe 0 is used "to provide a constant input of iron (soluble or surface precipitate) for groundwater low in soluble iron" [32] . The very efficient resulting filter for As removal was the 3-Kolsi filter [10, 33] . A typical 3-Kolsi filter contained a layer of about 3 kg Fe 0 (100 % Fe 0 ). However, the 3-Kolsi filter was not sustainable as it clogged after some 8 weeks of operation [3, 34] .
The remarkable efficiency of 3-Kolsi filters has prompted researchers to further develop the system for improved sustainability [9, 10, 31, [34] [35] [36] [37] . The best product is the SONO arsenic filter in which the 100 % Fe 0 layer is replaced by a proprietary porous Fe 0 -based material (termed as Composite Iron Material -CIM) [32, 33] . The two most important features of CIM are: (i) its porosity and (ii) its low content of Fe 0 . In consequence, two opposite effects may be observed: (i) the porous structure of the CIM induces a larger reactive surface compared to non-porous Fe 0 particle (or compact Fe 0 ); the internal porosity could be regarded as magazine for in-situ generated iron corrosion products and (ii) less initial Fe 0 is used compared to compact Fe 0 particle. The former effect (larger reactive surface) is well-documented as tool to improve Fe 0 efficiency and is the rationale for using nano-scale Fe 0 for water treatment [38] .
The latter effect (less initial Fe 0 ) could not improve Fe 0 efficiency in term of Fe 0 reactivity but is known as tool to delay or avoid porosity loss [39] [40] [41] . of the filter system, but not the second. These observations suggest that the 100 % Fe 0 layer in the 3-Kolsi filter was the major reason for its too short service life. Leupin and Hug [35] [2] . Accordingly, the precipitation of iron corrosion products and other secondary minerals is regarded as perturbing side effect yielding reactivity and porosity loss [2, 14, 16, 17] . Accordingly, the design of a PRB requires profound knowledge of local water flow velocity (residence time), aquifer porosity, influent contaminant concentration.
Additionally, the contaminant degradation rate by used Fe 0 is usually estimated in laboratory and pilot studies and used to size the PRB. Sizing aspects include the amount of Fe 0 to be used and the thickness of the bed (filter or wall). The first problem with this approach is that In the light of the concept that contaminants are basically removed by adsorption, coprecipitation and size exclusion, the following comments can be made on the five strategies. 
Designing Fe 0 beds
The presentation above suggests that Fe 0 bed design must be based on the available pore volume for volumetric expansion of corroding iron. Accordingly, for a given bed size replacing a portion of reactive iron by an inert material is the first tool to extend filter service life. The very first additive material in this regard is a non-porous material as quartz (0 % porosity). The next step could consist in partly or totally replacing quartz by porous materials like sandstone (up to 40 % porosity) or pumice (up to 90 % porosity). In each case a critical Fe 0 :additive ratio must exist for which bed porosity is lost upon Fe 0 depletion as illustrated below. The filling of the bed porosity by iron corrosion products can be estimated from a simplified modeling ( Fig. 1 ) based on the following assumptions:
Sustaining Fe
(i) uniform corrosion: the diameter reduction of the particle is the same for all the Fe 0 particles,
(ii) iron corrosion products are fluid enough to progressively fill available pore space.
Assuming that the coefficient of volumetric expansion (η) of the iron corrosion products is: The bed containing 50 vol-% Fe 0 is necessarily clogged at Fe 0 depletion; no residual porosity (Φ r =0). However, an ideal treatment system should keep a certain residual porosity. This is particularly important for subsurface reactive barriers. To warrant a residual porosity (Φ r ≠ 0) while using a constant Fe 0 amount in the bed, it appears that thicker beds have to be considered. For example the amount of additive material can be increased such that the resulting volumetric proportion of Fe 0 is 35 %. Another tool to sustain Fe 0 reactivity is to use porous additive instead of non-porous quartz. In this way, the total volume for the storage of in-situ generated iron corrosion products is increased and the residual bed porosity at Fe 0 depletion is warranted as will be illustrated in the next section.
Lengthening Fe 0 bed service life by porous additives
When quartz particles from section 5.3 are replaced by V PP of porous particles (with V PP = V -V initial Fe ), the available porosity Φ 0 ' for iron corrosion products is increased according to: and filter dimensions together with the volumetric proportion of Fe 0 . This procedure will enable or ease comparability of published results.
Discussion
The calculations above have shown that in a 100 % Fe 0 bed, system clogging will occur when only about 52 wt-% of used Fe 0 is consumed. however, a 50:50 weight ratio is usually used based on a pragmatic approach [50] . The technology for household filters [52] and its use for small scale water facilities [42, 53] . Fe 0 filter technology is regarded as a flexible and affordable technology, which could enable the achievement of the Millenium Development Goals (MDGs) for water. This simple technology could even enable to achieve universal access to safe drinking water within some few years [52] . adsorption front is the saturated zone and the region below is the virgin zone. As a function of time, the saturated zone moves through the bed and approaches the end [54] . The adsorption bed is exhausted when no more satisfactorily decontamination is achieved.
On the contrary, in a Fe 0 bed, the whole bed is available as sorption, co-precipitation and size exclusion system. A sort of "adsorption front" may exist because of increased oxidizing agent's levels in the inflowing solution. However in the whole bed H 2 O corrodes Fe 0 producing corrosion products for efficiency contaminant removal. Contaminant removal may thus occur deeper in the Fe 0 bed from the initial stage of bed service on.
Significance for system design
The scientific community has long been searching for common underlying mechanisms for the process of contaminant removal in Fe 0 /H 2 O systems that provide a confidence for design that is non-site-specific [57, 58] . This was the idea behind introducing specific reaction rate constant (k SA ). k SA values are regarded as a more general reactivity descriptor of contaminants with Fe 0 . They are also believed to allow intersystem comparisons [56] . However, there are two major problems with the k SA concept: (i) it is contaminant specific, and (ii) it is based on the concept of reductive transformation which is definitively not determinant for the process of the removal of several contaminants.
While previous efforts were directed at achieving a significant body of removal rate for individual contaminants in order to enable non-site specific bed design, the present study suggests that site-specificity will govern material selection. For example, if contaminated water is carbonate-rich, it could be advantageous to use a relative low reactive material which corrodibility will be sustained by carbonates. Accordingly, if available Fe 0 is classified for specific conditions, treatability studies may only be required to fine-tune design criteria for the optimal Fe 0 bed performance. g/cm 3 , quartz: 2.65 g/cm 3 , sandstone: 2.00 g/cm 3 , activated carbon: 1.47 g/cm 3 , and pumice 0.64 g/cm 3 . 
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Concluding remarks
